epatitis C virus (HCV) is a hepatotropic virus that belongs to the family Flaviviridae. Chronic HCV infection can result in fibrosis, cirrhosis, and hepatocellular carcinoma (1). It is estimated that approximately 2% of the world population (ϳ170 million people) is infected with HCV, making it a major world health concern (2-6). The HCV genome consists of a positive-strand RNA molecule of approximately 9,600 nucleotides encoding both structural and nonstructural proteins. Nonstructural proteins 3 (NS3) and 5B (NS5B) have serine protease and RNA-dependent RNA polymerase functions, respectively, which are essential for proteolytic processing of the nonstructural-protein region of the HCV polyprotein and for viral RNA replication.
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Because the HCV polymerase and protease are necessary for the viral replication cycle, both have been attractive targets for anti-HCV drug development (7) . Several inhibitors of the NS3 · 4A protease (e.g., Incivek [8] and Victrelis [9] ), in combination with pegylated alpha interferon (PEG-IFN) and ribavirin, are ap- In addition to being essential for proteolytic cleavage of the viral polyprotein, the HCV NS3 · 4A protease has also been shown to suppress the innate immune response by cleaving beta interferon (IFN-␤) stimulator 1 (IPS-1) (13) and Toll/interleukin 1 (IL-1) receptor domain-containing adapter inducing IFN-␤ (TRIF) (14) in cultured cells. In response to viral replication intermediates, such as viral RNA and proteins, IPS-1 and TRIF adaptor protein act as signaling intermediates in retinoic acidinducible gene (Rig-I) and/or Toll-like receptor 3 (TLR3) pathways (15) (16) (17) . Activation of these pathways induces IRF3 activation and subsequent transcriptional activation of type I interferons (IFN-␣/␤) and interferon-sensitive genes (ISGs) (18) . Type I interferons and ISGs play a major role in combating viral infections (19) . Interferon production and ISG expression through Rig-I-mediated recognition of HCV RNA has been demonstrated in vitro in Huh7 cells and in vivo in mice (20) (21) (22) . The role of HCV RNA in IFN pathway stimulation was further demonstrated by Rig-I stimulation in HEK293 cells expressing functional (competent for RNA synthesis) HCV NS5B protein and its blockage by HCV polymerase inhibitor (23) . In this system, expression of NS5A inhibited NS5B-mediated RIG-I-dependent luciferase production from the IFN-␤ promoter. However, these studies were conducted in the absence of other HCV proteins (such as NS3 · 4A protease, NS4B, and NS5A and -B) that have been shown to modulate the host innate immune system (13, 24) .
Cleavage of IPS-1 and TRIF by HCV NS3 · 4A blocks the downstream signaling pathway, resulting in inefficient activation of IRF3 and severely reducing the host innate immune response against the viral infection (13, 14) . It is possible that HCV protease inhibitors (PI) can play a dual role, referred to as a "doublewhammy" effect (25) , in countering viral infection through a direct antiviral mechanism, as well as by abrogating the HCV protease-mediated downregulation of innate immunity pathways, such as the Rig-I and TLR3 pathways (26) .
HCV patients can be treated with telaprevir or boceprevir HCV PI for 12 to 44 weeks (27, 28) . Due to the inhibition of HCV replication, the levels of NS3 · 4A protein will ultimately be insufficient to cleave newly synthesized IPS-1 and TRIF, restoring the IFN signaling pathway. However, a PI can directly limit the efficiency with which IPS-1 and TRIF are cleaved by NS3 · 4A and could restore the IFN signaling pathway. It has been reported that high concentrations (Ͼ100-fold over the antiviral 50% effective concentrations [EC 50 ]) of the HCV PI TMC435350 and its analog, TMC380765, are necessary to restore the Rig-I pathway (29) in HCV replicon cells. Because it was unknown whether these high concentrations of HCV PI could be achieved in patients, the clinical relevance of restoration of innate immunity has been a subject of debate in the field (29) . Both TMC435350 and TMC380765 were shown to be capable of rescuing IFN-␤ levels at much higher concentrations (Ͼ100-fold over the antiviral EC 50 for genotype 1 HCV) (29) . However, as recent clinical data suggest (30) , the amount of TMC435350 needed for restoration of innate immunity (IFN-␣/␤) and ISGs in vitro was in the range required for clinical efficacy.
In this study, we evaluated the direct and indirect effects of HCV protease, polymerase, and NS5A inhibitors on innate immunity (IRF3 signaling) in HCV replicon cells. Sendai virus induction of IFN-␤ promoter transcription and immunofluorescence were used to explore the effects of the dose and duration of treatment on restoration of IPS-1 mitochondrial localization and signaling in HCV replicon cells. We show that short-term exposure to HCV PI, but not HCV polymerase inhibitors, could restore IRF3 signaling, most likely through direct inhibition of the HCV protease. In contrast, prolonged exposure to either HCV protease, polymerase, or NS5A inhibitors could rescue IRF3 signaling at concentrations that can be observed in the plasma of treated patients (clinically achievable concentrations), most likely through an indirect reduction of HCV protease levels resulting from viral-replication inhibition. As the cleavage of IPS-1 is associated with reduced activation of the endogenous IFN system (31), rescue of the IRF3 signaling pathway in vivo might contribute to the significant efficacy observed in HCV clinical trials of DAAs.
MATERIALS AND METHODS
Cell lines. HCV genotype 1b (HCV-1b) mADE replicon cells (Con1 cells with adaptive mutations) were used in the current study. These cells were generated by transfection of Huh7 cells with RNA from the pBR322-HCV-neo-mADE plasmid with adaptive mutations in HCV nonstructural proteins (32) . IFN-␣-cured HCV replicon cells were generated by continuous treatment of HCV-1b replicon cells with 10 IU/ml of IFN-␣-2b (Calbiochem, San Diego, CA). After 8 weeks, HCV RNA levels were determined by branched-DNA (bDNA) assay and by the absence of G418-selectable colonies. Both HCV replicon cells and IFN-cured replicon cells were propagated in Dulbecco's modified Eagle's medium (DMEM), obtained from JRH Biosciences (Lenexa, KS) and supplemented with 10% heat-inactivated fetal bovine serum (FBS), 2 mM L-glutamine, and nonessential amino acids (JRH). HCV RNA analysis. HCV replicon RNA from cells was measured using a bDNA assay (Quantigene Discover XL kit; Affymetrix Inc., Santa Clara, CA) according to the manufacturer's instructions. Briefly, compound-treated replicon cells were lysed, and HCV RNA was immobilized on capture plates using HCV-specific oligonucleotides (designed based on the 5= untranslated region [UTR] of the HCV-1b genome sequence [GenBank accession no. AJ238799]) overnight at 53°C, and the relative amounts of captured RNA were measured using oligonucleotide probe sets. The EC 50 and EC 90 are the concentrations of the compound at which the HCV replicon RNA level in cells is reduced by 50% or 90%, respectively, compared to the untreated replicon cell controls. These values were generated from four-parameter curve-fitting analysis, using Softmax (Molecular Devices, Inc., Sunnyvale, CA). At the end of treatment, with effective inhibition of viral replication by HCV inhibitors, the level of HCV protein was too low to be accurately quantitated. Therefore, the HCV RNA level was quantified and used as a surrogate measure.
IFN-␤ promoter luciferase reporter assay. Huh7 replicon cells and the interferon-cured replicon cells were seeded at a density of 2 ϫ 10 were measured using the Dual-Glo luciferase assay system (Promega). To compensate for transfection efficiency, FLuc activity was normalized to RLuc activity for each well. IFN-␤ promoter activity from Sendai virusstimulated wells was expressed as the fold increase over unstimulated cells. IFN-␤ promoter activity in compound-treated HCV replicon cells was expressed as the fold increase over untreated HCV replicon cells (background). The cells were maintained in the presence of the compounds by refreshing the medium containing compounds during transfection and throughout the experiment.
Immunofluorescence. HCV replicon cells and IFN-cured replicon cells were seeded at a density of 2 ϫ 10 4 cells/well in 4-well BD Falcon culture slides (Fisher Scientific, Pittsburgh, PA) and were treated with various concentrations of HCV inhibitors as indicated. At the indicated time points posttreatment, the cells were gently fixed with methanol at room temperature, blocked with 10% normal goat serum for 30 min, and stained with NS3 (Axxora LLC, San Diego, CA) and IPS-1 specific antibodies (Abcam Inc., Cambridge, MA) for 1 h. After washing three times with PBS containing 0.1% Triton X-100, the cells were stained with goat anti-rabbit and goat anti-mouse antibodies labeled with fluorescein isothiocyanate (FITC) (Life Technologies, Grand Island, NY) and Alexa 594 (Life Technologies, Grand Island, NY) fluorophores, respectively, for 1 h. The cells were washed three times with PBS containing 0.1% Triton X100, and the nuclei were stained with 2.5 g/ml of Hoechst 332258. The cells were embedded with Prolong Gold Anti-Fade reagent (Invitrogen, Carlsbad, CA), and staining was detected by fluorescence microscopy.
High-content automated image acquisition and analysis for quantitation of HCV NS3 and IPS-1. Images were acquired on a Cellomics ArrayScan VTI instrument (ThermoScientific, Pittsburgh, PA). Briefly, 25 fields were captured from each well of a 24-well plate using a 10ϫ objective across three fluorescent channels. For image analysis, field and cell intensities were quantified using the Spot Detector BioApplication, with at least 10,000 events measured per well. An HCV PI, but not a polymerase inhibitor, can rescue IFN-␤ promoter activity with a shorter incubation time. The effects of HCV inhibitors on HCV RNA and protein levels and on the restoration of HCV IRF3-dependent IFN-␤ promoter activity were examined using Sendai virus infection of HCV replicon cells. In cells that have been previously cured of HCV replicon using IFN, IFN-␤ promoter activity can be stimulated 4.7-Ϯ 1.5-fold above background levels compared to only a 1.3-Ϯ 0.04-fold activation of IFN-␤ promoter in HCV replicon cells (background levels) (data not shown). As shown in Fig. 1C , there was a timeand dose-dependent increase in the ability of telaprevir to restore IRF3 signaling. At day 4, robust (5.5-Ϯ 0.3-fold over background) and moderate (3.6-Ϯ 0.3-fold over background) activation of IFN-␤ promoter activity and 98% and 90% decreases in HCV RNA replication were observed with 10 M and 3 M telaprevir, respectively. In contrast the HCV polymerase inhibitor HCV-796 only partially restored IFN-␤ promoter activity to 1.3-Ϯ 0.2-fold at day 4 ( Fig. 1E) , despite a 99% reduction in HCV RNA at 0.5 and 1.5 M. Thus, although 4 days of treatment of HCV replicon cells with either telaprevir or HCV-796 resulted in similar inhibition of HCV RNA replication (Fig. 1B and D) and a concordant decrease in NS3 protein levels (data not shown), only telaprevir was able to significantly restore IFN-␤ promoter activity.
RESULTS

Similar inhibition of HCV
Restoration of the IRF3 signaling pathway at early time points may be a result of inhibition of IPS-1 cleavage by an HCV PI. To further explore whether the difference in IFN-␤ promoter restoration observed with a protease versus a PI was due to a difference in the amount of IPS-1 cleavage, we evaluated NS3 and IPS-1 expression and intracellular distribution in HCV replicon cells treated with telaprevir and HCV-796 for 3 days. As expected, in the absence of treatment, we observed punctate staining of HCV NS3 protein in HCV replicon cells (Fig. 2B) accompanied by diffuse IPS-1 staining (Fig. 2C) (37) , suggesting the existence of cleaved IPS-1 in the cytoplasm. HCV RNA and NS3 protein levels in the cells treated with both inhibitors were affected in parallel. Although HCV replicon RNA levels were reduced more than 95% in cells treated with an HCV PI (telaprevir) or an HCV polymerase inhibitor (HCV-796) (Fig. 1B and 1D ), HCV NS3 proteins were still detected (Fig. 2J and N ), albeit at a lower level than in untreated HCV replicon cells (Fig. 2B) . The sustained presence of HCV NS3 is consistent with a reported 26-hour half-life (38) . IPS-1 is a mitochondrial protein and typically appears punctate by immunohistochemistry (Fig. 2G) . In HCV replicon cells treated with telaprevir for 3 days, a shift in the localization of cytoplasmic cleaved IPS-1 to mitochondrion-associated full-length IPS-1 was detected as a change from a diffuse (Fig. 2C ) to a punctate (Fig.  2K ) staining pattern. Quantitative analyses showed that telaprevir decreased the number of HCV protease (NS3)-positive cells but did not eliminate them, and it also increased the amount of fulllength IPS-1 punctate staining (Fig. 3A) . These data suggest that at early times after the initiation of treatment, telaprevir was able to rescue IPS-1 from cleavage by the HCV protease remaining in HCV replicon cells.
In HCV replicon cells treated with HCV-796, diffuse IPS-1 staining was observed, consistent with cleaved IPS-1 (Fig. 2O) . While the HCV-796-treated cells showed a concomitant reduction in levels of HCV NS3 protease, it was not accompanied by an increase in full-length IPS-1 staining (Fig. 3B) . These observations, together with the results shown in Fig. 1 , suggest that telaprevir was able to restore the Rig-I pathway and IFN-␤ promoter activity by a combined effect of inhibiting HCV replication (thereby reducing the total amount of NS3 indirectly) and direct inhibition of HCV protease cleavage of IPS-1.
PI-mediated rescue of IFN-␤ promoter activation. To determine whether other PI could rescue IRF3-mediated transcription, boceprevir and TMC435350 were evaluated for the ability to restore the Rig-I pathway and IFN-␤ promoter activity. Both inhibitors showed a greater than 3 log 10 decrease in HCV RNA levels at day 14 in patients when dosed in combination with IFN and ribavirin (39, 40) .
In cells treated with telaprevir for 4 days, 50% rescue of IFN-␤ promoter activity was observed at 3.1 Ϯ 1.1 M, whereas antiviral activity was observed with an EC 50 (Table 1) , and a 50% recovery of IFN-␤ promoter activity at 3.3 Ϯ 0.1 M. Similarly, TMC435350 showed an EC 50 /EC 90 of 0.003 Ϯ 0.001 M and 0.01, respectively (Table 1) , and a 50% rescue of IFN-␤ promoter activity was observed at 0.1 Ϯ 0.01 M. These studies indicate that the rescue of IFN-␤ promoter activity is not restricted to telaprevir but is also observed with other HCV NS3 inhibitors, suggesting there is a common mechanism for HCV PI that allows the restoration of the Rig-I pathway. In contrast, neither HCV polymerase nor NS5A inhibitors showed rescue of IFN-␤ promoter activity at the highest concentration tested at day 4 ( Table 1) .
Prolonged inhibition of HCV replication in vitro by HCV inhibitors with different mechanisms of action restores the IFN-␣/␤ signaling pathway. Previous studies by other investigators using the Sendai virus activation system have shown that treatment of HCV replicon cells for 48 hours with HCV PI, but not HCV polymerase inhibitors, can restore the Rig-I pathway and IFN-␤ promoter activity (29) . However, it can be reasoned that if NS3 levels drop low enough there will not be sufficient NS3 to cleave newly synthesized IPS-1, leading to restoration of the signaling pathway. Therefore, the combination of suppressing new viral replication and increasing the length of treatment to allow NS3 protein to turn over and be eliminated should allow any potent HCV inhibitor to restore IPS-1-mediated signaling. To test this hypothesis, HCV replicon cells were incubated with telaprevir, the HCV NS5B polymerase inhibitors HCV-796 and VX-222, or the NS5A inhibitor BMS-790052 for 6 days. The treated cells were transfected with the IFN-␤ promoter reporter construct for an additional day, and IFN-␤ activation was measured 18 h postSendai virus infection (Fig. 4A) . Sendai virus infection did not lead to a significant induction of IFN-␤ promoter activity in untreated HCV replicon cells, and in the absence of any inhibitor, HCV replicon cells showed a 3.0-Ϯ 0.6-fold activation of IFN-␤ promoter activity (considered background). In contrast, a 7.0-Ϯ 2.7-fold activation above background (untreated HCV replicon cells) was observed in IFN-cured cells, where HCV RNA was cleared by IFN treatment.
Consistent with the results shown in Fig. 3 , incubation of HCV replicon cells with 10 M telaprevir for 7 days resulted in significant activation of the IFN-␤ promoter by 7.1-Ϯ 1.8-fold above background (Fig. 4B) . Similarly, cells treated with 1 M HCV polymerase inhibitor HCV-796 or VX-222 showed a dose-dependent increase in IFN-␤ promoter activity of 6.8-Ϯ 1.2-fold or 5.0-Ϯ 1.8-fold above background, respectively ( Fig. 4C and D) . To further extend the analyses of the abilities of different classes of HCV inhibitors to rescue IFN-␤ promoter activity, HCV replicon cells were treated with BMS-790052, an HCV NS5A inhibitor. In cells treated with 100 and 1,000 pM BMS-790052, there was greater than 95% suppression of HCV RNA, and IFN-␤ promoter activation was induced to 3.3-Ϯ 0.7-fold and 4.5-Ϯ 1.0-fold above background, respectively, indicating rescue of IFN-␤ promoter activation.
Extended treatment with an HCV PI restores mitochondrial association of IPS-1. To investigate whether restoration of IFN-␤ activity in cells treated for 6 days with HCV-796 coincided with mitochondrial association of IPS-1, changes in the amount and intracellular localization of IPS-1 and NS3 were determined. In the absence of drug, a majority of HCV replicon cells were positive for HCV NS3 staining (Fig. 5B) , and IPS-1 appeared as diffuse intracellular staining (Fig. 5C) , consistent with the release of IPS-1 from mitochondria after cleavage by HCV protease (41) . In contrast, IFN-cured replicon cells do not show cytoplasmic staining for HCV NS3 protein, due to the absence of HCV replicon (Fig.  5F) , and IPS-1 demonstrated a punctate cytoplasmic expression pattern (Fig. 5G) , which is in agreement with a mitochondrial localization pattern. HCV NS3 protein was not observed in HCV replicon cells incubated for 6 days with 10 M telaprevir (Fig. 5J ) or 0.3 M HCV-796 (Fig. 5N) , and a punctate pattern of IPS-1 staining in the cytoplasm (Fig. 5K and O) was observed, which is consistent with the rescue of IFN-␤ promoter trans-activation (Fig. 4) . IPS-1 displayed a punctate staining pattern matching its mitochondrial localization ( Fig. 5L and P) , consistent with restoration of the IFN-␤ signal pathway. A similar staining pattern was observed with 3 M telaprevir (data not shown). In cells treated with 0.03 M HCV-796, the HCV NS3 protein was present in some cells (Fig. 6A) ; however, a mixed pattern of diffuse and punctate IPS-1 staining was seen (Fig. 6B) , indicating that the uncleaved form of IPS-1 protein was beginning to appear, which is consistent with a low level of IFN-␤ promoter activation.
DISCUSSION
Approximately 60 to 80% of individuals exposed to HCV develop a chronic infection (42) , indicating that HCV is often successful in subverting the innate and adaptive immune responses. The exact mechanisms underlying the immune evasion, persistence, and nonresponsiveness of chronically infected patients to interferon and ribavirin combination therapy, even in the presence of hepatic IFN-stimulated genes (43), are not well understood, but studies suggest that one mechanism by which HCV may subvert innate immunity is through cleavage of IPS-1.
Recently, type III IFNs (), but not type I IFNs (␣/␤), have been reported to be induced in response to HCV infection of primary human hepatocytes (44), human fetal hepatocytes (45), HCV-infected chimpanzee livers (44) , and hepatocytes from liver biopsies of chronically HCV-infected patients (46) . Type I IFNs demonstrated more potent antiviral activity than type III IFNs (44) in the in vitro experiments. Surprisingly, neutralization of endogenously produced type III IFNs could further increase the antiviral activity of type I IFN in the primary hepatocyte cultures (44) . These results are suggestive of the limited antiviral activity of endogenously produced type III IFNs, as well as the importance of restoration of type I IFN production in response to HCV infection.
Regulation of type I IFN production occurs through coordi- nated activation of NF-B and IRF3 (37, 41, 47) via IPS-1, which is a mitochondrial outer membrane protein. However, cleavage of IPS-1 by HCV NS3 · 4A protease at Cys 508 dissociates it from its C-terminal membrane anchor in mitochondria and results in redistribution to the cytoplasm, where it is unable to function in the Rig-I signaling pathway (13) . Interference in the induction of interferon-stimulated gene synthesis via the Rig-I-mediated pathway may play a significant role in the subversion of the host innate immune response targeted against HCV. Inhibition of HCV NS3 · 4A-catalyzed cleavage of IPS-1 and restoration of the mitochondrial form can be achieved either by inhibiting HCV NS3 · 4A-mediated cleavage of IPS-1 with HCV PI (37) or by lowering the abundance of HCV protease via inhibition of HCV replication by any HCV inhibitor. Previous studies have largely focused on restoration of innate immune responses in the context of HCV PI (i.e., ITMN-C [37] , SCH6 [26] , TMC435350 [29] , and BILN2061 [48, 49] ). Other studies had previously shown that high levels (Ͼ100 times the EC 50 ) of TMC435350 were needed to restore the Rig-I pathway in HCV replicon cells in vitro; due to the lack of clinical data at the time of the in vitro studies, it was not known whether such high levels could be achieved in vivo in patients (29) . In this report, we show that telaprevir and TMC435350 can restore the Rig-I signaling pathway in HCV replicon cells with drug concentrations in the range of what has been reported in the plasma of treated HCV patients (8, 30, 50) .
Consistent with previous studies (29) , treatment with an HCV PI such as telaprevir, but not with an HCV polymerase inhibitor, could inhibit the HCV NS3 · 4A protease-mediated cleavage of IPS-1 during a 4-day incubation, despite the presence of equal levels of viral RNA and NS3 protein. It is likely that the rapid restoration of IPS-1 activity in the presence of PI at earlier time points (4 days) is due to the direct inhibition of IPS-1 cleavage by HCV protease. Our observation of HCV PI-mediated mitochondrial reassociation of IPS-1 and rescue of the Rig-I pathway is consistent with earlier reports of restoration of innate immunity by diverse classes of PI, such as ITMN-C (37), SCH6 (26), TMC435350 (29) , and BILN2061 (48, 49) , excluding a compound-specific effect.
We hypothesized that it may be possible to restore innate immunity by lowering the abundance of HCV protease as a consequence of blocking viral replication. Therefore, we evaluated the abilities of different classes of HCV replication inhibitors to restore the Sendai virus-activated Rig-I pathway and IRF3-dependent IFN-␤ promoter transcription in HCV replicon cells. These studies revealed that the HCV polymerase inhibitors HCV-796 In contrast to the rescue of IPS-1 signaling with HCV PI at 4 days, HCV polymerase or NS5A inhibitor treatment required 7 days of treatment for restoration of the IFN-␤ pathway. These observed differences could be explained by the contributions of two factors to IPS-1 cleavage: HCV NS3 protease levels and protease activity. A small amount of NS3 · 4A may be sufficient to cleave de novo-synthesized IPS-1. HCV protease inhibitors rescued IPS-1 signaling after 4 days of treatment, whereas HCV polymerase or NS5A inhibitors required 7 days to restore the IFN pathway. The difference may be explained by the level and activity of the HCV NS3 protease, both of which contribute to IPS-1 cleavage. Nonprotease inhibitors indirectly decrease HCV NS3 protease levels by inhibiting viral replication and preventing the synthesis of new HCV protease but do not affect NS3 · 4A existing in cells before treatment. At the start of treatment, it is likely that preexisting NS3 · 4A, which has a half-life of ϳ26 h (38) , is able to cleave IPS-1, even after polymerase or NS5A inhibitors suppress replication. At later time points, when HCV replication is extensively inhibited by any replication inhibitor, insufficient amounts of NS3 · 4A are synthesized to cleave the de novo-synthesized IPS-1. The formation of native IPS-1 could then mediate signaling of the Rig-I pathway. However, the ability of NS3 PI to inhibit NS3 · 4A protease activity might allow IPS-1 restoration at NS3 levels that normally would be sufficient to cleave all newly synthesized IPS-1. This means that HCV protease inhibitors may have the previously described "double-whammy" effect (25) on IPS-1 recovery: (i) a primary effect on reduction of NS3 protein levels and (ii) a secondary effect on reduction of the cleavage rate of IPS-1, consistent with previous reports (26) .
The observed IFN-␤ promoter activation and staining pattern for IPS-I may indicate that IRF3-dependent transcription can be rescued by extended treatment with HCV protease, polymerase, or NS5A inhibitors. For the polymerase and NS5A inhibitors, this may be due to a reduction of NS3 · 4A protease levels as a consequence of extended inhibition of HCV RNA replication and an incubation time of several times the half-life of the NS3 protease.
In clinical studies, the C avg of telaprevir was 4.1 to 4.9 M in patients (8, 50) . Taking into consideration the 2-fold serum shift observed for telaprevir antiviral activity in in vitro cell culture studies (unpublished data), the concentrations required to rescue IFN-␤ promoter activation in HCV replicon cells (Table 1) are similar to the C avg observed with telaprevir in human plasma. Similarly, the EC 50 for stimulation of the IFN-␤ promoter in Sendai virus-infected replicon cells for TMC435350 is 0.1 M, which is well within the C avg observed in the clinic (30) ( Table 1) .
HCV-infected patients previously treated with PEG-IFN and ribavirin had sustained viral response (SVR) rates of 29% to 83%, depending upon the patient's prior response, upon retreatment with telaprevir in combination with PEG-IFN and ribavirin (51) . Additionally, the combination of HCV polymerase inhibitors and ribavirin has shown 47% SVR12 in prior nonresponders (F. Poor- 
